Abstract
I. Introduction
Environmental flows (EFs) are river flows critical to maintain the aquatic health of a river. Also called "instream flow needs" (IFN), environmental flows maintain the healthy, diverse aquatic communities that would naturally be found in a specific watercourse. There is great interest in the determination of EFs because these flows frequently compete with the water volumes allocated to anthropogenic uses such as agriculture, industry, and domestic consumption. Increasingly, competing demands are threatening our willingness to maintain minimum environmental flows.
Traditionally, environmental flows have been based on single ecosystem needs such as fish habitat or water quality parameters. The case has been made that a single minimum flow determination does not result in the long-term maintenance of the resource that the minimum flow recommendation was intended to protect (Stalnaker 1994 , Annear et al. 2004 . Annear et al. (2004) conducted a detailed review of the most common methods for developing instream needs by EF (IFN) practitioners from across the United States and Canada and concluded that the predominance of single-flow recommendations has not succeeded in protecting the integrity of aquatic ecosystems. Annear et al. (2002) suggest that five interrelated riverine components should be considered in the setting of aquatic ecosystem objectives: hydrology, geomorphology, biology, water quality, and connectivity.
The natural variability of flows, both seasonally and from year to year, have shaped aquatic ecosystems over many thousands of years. The species associated with these dynamic systems have adapted to take advantage of this functional diversity (e.g. cottonwood tree recruitment, Mahoney and Rood 1998). The concept of basing an environmental flow determination on the ecological need for natural flow variation is commonly referred to as the "natural flow paradigm" (Poff et al. 1997; Annear et al. 2004; Richter et al. 1997) . Although the acceptance of these ecological principles is wide spread and can be supported by a large body of knowledge (Poff et al. 1997) , incorporating these ecosystem principles into river management practice is a difficult challenge .
The Province of Alberta recently introduced a Water Management Policy for the South Saskatchewan River Basin (SSRB). The South Saskatchewan River Basin is located in western Canada, originating in the eastern slopes of the Canadian Rockies and covering approximately 120 000 square kilometers in Alberta. The three major rivers are the Red Deer, Bow and Oldman rivers. Approximately 75 percent of the annual discharge originates from snow melt in the mountains, with 60 per cent of the flows occurring between early May and mid-July. Flows vary widely from year to year, and can range from as high as 3000 cubic meters per second, to less than 10 cubic meters per second at the confluence of the South Saskatchewan and Red Deer rivers.
The Water Management Policy called for determination of the maximum amount of water that can be allocated for irrigation-based agriculture and other uses in the Red Deer, Bow, Oldman, and South Saskatchewan River sub-basins. Part of this process required the determination of environmental flows for each mainstem reach. Our goal was to develop an EF determination that ensured a high level of protection for the aquatic ecosystem. The approach we developed was based on the premise that an EF determination should reflect the general changes in magnitude, frequency, timing and duration of the natural flow pattern both within a year and between years.
II. Methods
A holistic approach was taken to preserve the processes and functions of the river ecosystem. Four ecosystem components were selected to represent the full extent of the aquatic ecosystem: water quality, fish habitat, riparian vegetation, and channel structure. Flow recommendations were prepared for 27 mainstem reaches in the study area for each ecosystem component. The recommendations were based on weekly time-step flow duration curves (exceedance curves) of the 1912 -1995 naturalized flow record in the SSRB. A weekly time step was deemed suitable from each of a biological, hydrological and water planning and modelling perspective (Fig 1) .
A. Fish habitat
The fish habitat EF component determination is based on site-specific data and habitat modelling using the PHABSIM (Physical HABitat SIMulation) group of models. Fish habitat variables used were stream velocity, depth and substrate type. The fish habitat EF determination process consisted of five basics steps: 1. Develop a series of constant percent flow reductions from the natural flow in 5% increments, 2. Calculate the Ecosystem Base Flow, 3. Identify the flow range to conduct habitat time series analyses using site-specific Weighted Usable Area (WUA) curves as the assessment criteria, 4. Conduct habitat time series analyses for the natural flow and each constant percent flow reduction with the added constraint of the ecosystem base flow, 5. Review the habitat evaluation metrics to identify the fish habitat EF, and 6. Only habitat during the open water season, defined as the period from the beginning of April to the end of October, was evaluated. Three evaluation metrics formed the basis of acceptance of the fish habitat flow recommendation: the change in total average habitat (chronic), the maximum weekly loss in average habitat (intermediate chronic), and the maximum instantaneous habitat loss (acute). For these metrics, specific and acceptable habitat loss thresholds were defined as:
 a 10% loss in average habitat from natural,  a 15% maximum weekly loss of average habitat from natural, and  a 25% maximum instantaneous habitat loss from natural.
The greatest flow reduction from natural that did not exceed any one of the three thresholds was chosen as the flow recommendation. The results throughout the 27 reaches varied ranging from a 15 to 55% reduction in flow from natural. For certain times of the year and for some reaches where sitespecific data was not available, the Tessmann Method (Tessmann 1979) adapted to a weekly time-step was used to set the Ecosystem Base Flow.
B. Riparian Vegetation
EFs were developed for riparian poplar trees (Populus Sp.) native to the SSRB. They were designed to provide the full range of flows required to both support the health of existing trees in a condition comparable to that expected under natural conditions; and to maintain the frequency of seedling recruitment events so that the long term viability of the riparian forest is sustained.
The determination of poplar instream flow needs addresses the pattern of flow required to provide moisture for poplars during the growing season. The natural degree of streamflow variability was incorporated to sustaining the channel processes that poplars depend on for recruitment events. Riparian poplar EFs were based on the exceedance curves of naturalized flows and are defined by a composite of three weekly time step exceedance-based curves and bankfull discharge.
The determination of poplar instream needs was based on four rules. These rules dictate; 1) there be no reductions to flows with natural exceedances of 90% or greater, 2) flows above the 90% exceedance flow may not be reduced below the 90% exceedance level, 3) reduction of up to 35% of the natural flow is acceptable provided that the resulting RI (return interval) shift is not greater than 50%, and 4) the highest flows may be reduced to 125% of bankfull.
C. Channel structure
Channel structure flows cover the range of flows that have been commonly referred to as flushing flows, channel maintenance flows, or valley maintenance and forming flows. Although the importance of these flows is well understood, the method of implementing them for EF determinations is only just emerging. There are several sediment transport models that can be used to determine channel structure flows. Most of these methods are data intensive beyond the extent of data available for the present work.
Channel structure flow recommendations were developed using an incipient motion method based on the Shields entrainment function that incorporates sediment grain size and channel slope in the estimation of flushing flows (Shields 1936) . The Shields Equation generates a flow magnitude needed to generate transport of the channel bed material and sustain the natural configuration of the channel. It does not stipulate the timing or duration of the needed flow. It was therefore not possible to generate EF values in a duration curve format for channel structure. Instead, a comparative analysis was done to ensure the EF determinations based on the riparian vegetation needs at the higher discharges were adequate to provide the frequency and duration of flows for channel maintenance. The channel structure flow recommendations are preliminary.
D. Water quality
Water quality instream flows focused on water temperature, and concentration of dissolved oxygen and ammonia because these three variables are amenable to management by flow regulation. These variables are also critical water quality variables for fisheries protection in southern Alberta rivers.
High water temperatures have a negative effect on fish metabolism and can cause fish mortality. The acute temperature for most sport fish in Alberta is between 22 and 29 °C. The seven-day chronic value is between 18 and 24 °C. Instream flows were determined to prevent the occurrence of acute or chronic high temperature incidents from exceeding their natural frequency.
Oxygen becomes less soluble as water temperature increases causing a reduction in dissolved oxygen (DO) levels. The Alberta guideline for dissolved oxygen for the protection of fish is 5 mg/L for acute occurrences. A seven-day average DO concentration of 6.5 mg/L is set for protection against chronic deficits. Instream flows were determined to prevent the occurrence of acute or chronic DO deficits from exceeding their natural frequency.
Scouring flows are the high flows that typically occur in late spring and early summer due to snowmelt. The scouring or flushing flows dislodge organic-laden sediments that accumulate on and within the riverbed and carry them downstream. This action reduces existing aquatic vegetation and impedes the establishment of new plants. Removing the accumulating sediments and aquatic vegetation limits the oxygen demand that would otherwise be produced. High oxygen demand lowers dissolved oxygen levels and can contribute to fish kills. Scouring flows are not specified within the water quality component of the integrated EF. The scouring flows determined within other components, such as the riparian EF, fulfill this need.
E. Making One Ecosystem EF Determination Using the Four Riverine Components
The four ecosystem component EFs were integrated into a flow duration curve format. For the most part, water quality EF determinations are provided as a single value for each week of the year for each reach. The fish habitat EF determination is a variable flow curve that is applied seasonally for each week in the open water season excluding the spring freshet. Fish habitat data is not available for the winter weeks, and therefore values were derived using the Tessmann method (Tessman, 1979) . The riparian EF determination is also a variable flow curve applied only during the growing season in the spring and summer. The channel structure EF determination was not readily incorporated into a weekly duration format. Instead, a check was conducted to ensure the EF determination at the higher discharges was adequate to also provide the necessary flows for channel maintenance.
The integrated EF is determined by comparing the EF value for each of three components on a week-by-week basis for every data point in the period of record. Usually, but not always, there is some overlap amongst the components. When this occurs, the component with the highest flow requirement becomes the primary determinant of the integrated, EF. Situations arose where not all three EF components are represented. In these cases the component with the highest flow requirement was still used to define the integrated EF. If EFs are only available for one component, the integrated EF is based solely on that component.
The integrated flows are then sorted into weekly flow duration curves. In the simplest case, when all ecosystem components had EF numbers available, the ecosystem component with the highest flow requirement defines the integrated EF at that point (Figure 2) . 
III. Results and conclusions
A typical annual hydrograph showing the timing of each of the ecosystem components and the resulting integrated ecosystem EF is illustrated in Figure 3 . It can be seen in Figure 3 that the ecosystem component EF determinations have a seasonal distribution as well as a flow magnitude distribution as was illustrated in Figure 2 . A total of 1 404 discreet EF values were generated for 27 reaches in the SSRB using a weekly time-step in a flow duration curve format (Fig 2) . Although not every aspect of every component of the aquatic ecosystem was addressed in the evaluation, the information used in this process is comprehensive by today's standards. The ecosystem EF is comprised of four riverine components that address a broad range of natural flows in terms of magnitude, frequency and duration. The inter-annual and intra-annual flow variability of the EF incorporated the pattern of natural flow variations in a consistent manner for every week. An ongoing challenge is to evaluate the aquatic impact of river flows that are less than the recommended EF. In general, flow values that are lower than the EF determinations, will likely result in the ecosystem not being protected over the long term. The ecosystem will not be able to provide all of the natural functions and services that it used to, over time. The further below the actual flow regime is from the EF recommendation, the greater the risk the ecosystem will not be protected compared to a flow regime that is closer to the EF recommendation.
A preliminary estimate of the impacts of actual flows being well below the identified EF was made based on model output and professional judgment. For the Red Deer River, one of the major tributaries in the SSRB, flows in the future will be reduced to approximately 50% of natural flow (due to abstraction for human uses). This is well below our EF determinations, and therefore we estimate significant negative impacts to the fish, cottonwood trees and associated communities. Future work is required to define impacts of flows less than the determined EF.
